Rate of intercage diffusion (kc) along with rate of cage visits (kv) and diffusion coefficient (D) of sorbates in zeolite Y have been calculated. We show that as a consequence of the dependence of rate of intercage diffusion on short-time behaviour, significant deviation from the Arrhenius behaviour at suffciently high temperatures occurs.
INTRODUCTION
A number of results on zeolite Y obtained from molecular dynamics (MD) simulations have been analysed by calculating three important properties, namely, the rate of intercage diffusion, k c , the rate of cage visits, k v and the diffusion coefficient, D [1] [2] [3] . Calculations on xenon sorbed in zeolite NaY indicate that the slope obtained from the Arrhenius plot of the rate of intercage diffusion leads to an activation energy of about 3.02 kJ mol −1 [1] . In zeolite NaCaA k c shows a peculiar behaviour: below 500 K, the slope of the Arrhenius plot of k c suggests a negative activation energy of −0.95 kJ mol −1 . Above 500 K the activation energy was found to be positive with E a = 1.38 kJ mol −1 [3] . These surprising results were interpreted in terms of the underlying potential energy surface and the surfacemediated (s.-m.) and centralized diffusion (c.d.) mechanisms. It was suggested that the rate of intercage diffusion depends on the short-time behaviour. It was also suggested that properties such as k v and D depend on the long-time behaviour of the system. In order to see if k c depends on the short-time behaviour and k v and D on the long-time behaviour we report here long MD simulations of xenon sorbed in zeolite NaY over a large range of temperatures. k c , k v and D and their temperature dependence have been calculated to see if the Arrhenius behaviour is satisfied by these three properties.
STRUCTURE OF ZEOLITE Y
The structure of zeolite Y was taken from the recent neutron diffraction study of Fitch et al. [4] . The structure is similar to that reported by Olson [5] . The lattice parameter of the bare zeolite at room temperature with a = 24.8536Å has been employed. The space group is Fd3m. The unit cell formula is Na 48 Si 144 Al 48 O 384 for a Si/Al ratio of 3.0. For this particular ratio the extra framework sodium (1)
where s stands for sorbate. The σ ss and ss for xenon were taken from literature [7] and are listed in Table 1 .
Sorbate-zeolite Interactions
These have been modelled again in terms of short-range (6-12) Lennard-Jones potential
where s stands for sorbate and z = Si, O and Na. The value of A sz and B sz were obtained from the relation A sz = 4 sz σ 6 sz and B sz = 4 sz σ 12 sz . The potential depth sz and the diameter σ sz were calculated from the Lorentz-Berthelot combination rules [7] sz = ( ss zz )
The values of zz and σ zz were obtained from the work of Kiselev and Du [8] . The sigma and epsilon values for the sorbate-sorbate and sorbate-zeolite atoms are listed in Table 1 . 
COMPUTATIONAL DETAILS
All calculations were carried out in the microcanonical ensemble at fixed N , V and E . One unit cell of zeolite NaY has been used. Cubic periodic conditions were employed. MD integration was carried out by using well-known Verlet algorithm [7] . The zeolite atoms were assumed to be rigid and were not included in the MD integration. Interaction between sorbate and Si atoms was taken to be zero. This is because each silicon atom is surrounded by bulkier oxygen atoms and thereby prevents the sorbate atom from coming in close to silicon atoms. Another assumption made in the present calculations is the neglect of polarizability interactions between xenon and the zeolite atoms. This is expected to contribute not more than 15% to the total interactions. A cut-off radius of 12Å was used for the calculations of both sorbate-sorbate and sorbate-zeolite interaction energies and forces. Calculations were performed at eleven different temperatures, namely, 188, 285, 386, 414, 425, 479, 567, 637, 897, 970, 1107 and 1420 K at a sorbate loading of 1 Xe/α-cage. A time step of 40 fs was found to yield good energy and momentum conservation for the first six temperatures while 10 fs was used for the last five temperatures. Equilibration was carried out over a period of 250 ps during which velocities were scaled at each step to obtain the desired temperature. Long production runs of 2600 ps were performed at each temperature. Long simulation runs were required to obtain reasonable statistics of the dynamical properties of our interest. Properties were calculated from configurations stored at intervals of 0.2 ps. The xenon mass was taken as 131 amu. The method employed by us for the calculation of k c and k v is straightforward. The cage in which a particular sorbate atom is resident at a given time step is found by calculating the distance between all the cage centres and the sorbate. The resident cage is that cage whose sorbate-cage centre distance is the shortest. The instant at which the sorbate has diffused to a neighbouring cage is taken to be the time step when the resident cage is different from that of the previous time step. At this instant the perpendicular distance between the sorbate and the plane of the 12-ring window is nearly zero. For the calculation of the rate of intercage diffusion, the number of diffusions from one cage to another is noted during the course of the simulation. The rate of cage visits is obtained from the rate of intercage diffusion by eliminating all the diffusion events from cage i to j which are either followed or preceded by diffusion from cage j to i. More details are discussed in the earlier work on zeolite Y [1] . The diffusion coefficient is obtained from the long-time slope of the mean square displacement versus time plot [7] . Table 2 lists the values of k c , k v and D at different temperatures for xenon in zeolite NaY. The Arrhenius plot of k c is shown in Figure 1 . A straight line fitted to seven of the eleven points in the range 188 to 637 K is shown as a continuous line. It is seen that the points beyond 637 K do not lie on this line. This clearly suggests deviation from Arrhenius behaviour. A line fitted to the highest four of the eleven points in the range 897 to 1420 K is also shown by means of a broken line. These two fitted lines have different slopes. The activation energies are 3.02 and 5.07 kJ mol −1 for the seven lowest and four highest temperatures, respectively. These results suggest that the rate of intercage diffusion exhibits higher activation energies at higher temperatures.
RESULTS AND DISCUSSION
We shall now attempt to understand the reason for this behaviour. Earlier investigations [2] have shown that the predominant mechanism of intercage diffusion at lower temperatures is via the s.-m. diffusion mode. This is also known as creep diffusion [9] [10] [11] . This is essentially due to the negligible population of the sorbate near the cage centre. At higher temperatures, the population near the cage centre increases. Consequently, the mechanism by which the sorbates migrate from a given cage to a neighbouring cage occurs via the c.d. mechanism [1, 3] . The potential energy surface near the cage centre and the interconnecting 12-ring window is shown schematically in Figure 2 . It is seen that for the s.-m. diffusion, the barrier across the 12-ring window is positive. For the c.d. mode, the barrier across the 12-ring window is negative. With this background knowledge, it is now possible to provide an explanation for the observed behaviour, namely, the increase of activation energy associated with the rate of intercage diffusion k c with increase in temperature. At low temperature, when the s.-m. mode is the predominant mode of intercage diffusion, the activation energy corresponds to the barrier via this route. More precisely, the average activation energy is obtained from the expression
where B is the barrier for a given trajectory. The rate k = k(B) has to be integrated over all the trajectories. At higher temperatures, the predominant mode is the c.d. mode. For this mode the activation energy for diffusion across the 12-ring window is negative. However, the sorbate needs to be excited towards the cage centre before it can slide across to the neighbouring cage. In this case, the activation energy is the energy required to excite the sorbate from the vicinity of the inner surface of the cage to mode. This results in an increase in the activation energy with temperature for k c . Some idea of the change in the activation energy can be obtained from Table 3 . Here the activation energy is calculated by fitting only the first two highest temperature points. Then a third point immediately below these two temperatures is added and so on until all the eleven points are included in the fit.
This behaviour arises because of the fact that k c is predominantly determined by the nature of the potential energy surface near the region of the window. This is because of the definition of k c and the way k c is calculated. It has been pointed out that the rate has to be corrected for recrossings [12] [13] [14] . We have the rate of cage visits, k v which does not include any recrossings. A plot of ln k v against reciprocal temperature is shown in Figure 3a . It is seen that all the points fall on a straight line suggesting that the rate of cage visits obeys the Arrhenius relationship over the whole range of temperature. This is consistent with our earlier finding that the rate of cage visits depends on the long-time behaviour [3] . The recrossings account for a somewhat significant part of k c if the potential energy near the window is a minimum as is the case for argon in zeolite NaCaA [3] . Figure 3b shows the Arrhenius plot for D. All the points lie on a straight line suggesting again that the Arrhenius expression provides a valid Table 3 . Values of activation energy obtained from the slope of ln kc versus 1/T plot (see Figure 1) description of the diffusion coefficient over the whole range of temperatures investigated.
The above results confirm the earlier finding that k c is dependent on the short-time behaviour. This implies that k c is dependent on the nature of the local potential energy surface near the window. This is responsible for the non-Arrhenius behaviour of k c . In contrast, the variation of k v and D with temperature is found to be Arrhenius. This is consistent with the earlier suggestion that these properties are dependent on the long-time dynamics of the system and are independent of the nature of the local potential energy surface [3] .
